Altered T-cell homeostasis, such as expansion of CD8
+ T cells to the secondary lymphatic compartments, has been suggested as a mechanism of HIV/simian immunodeficiency virus (SIV)-pathogenesis. However, the role of immune activation of CD8 + T cells in the CD4/CD8 turnover and viral replication in these tissues is not completely understood. In this study, we compared the expression of immune activation markers (CD69 and HLA-DR) on CD8 + T cells in the peripheral blood and lymph nodes (LNs) of SIV-infected/ uninfected Chinese rhesus macaques. SIV-infected macaques had significantly higher percentages of CD8 + CD69 + and CD8 + HLA-DR + T cells in all these anatomical compartments than uninfected macaques. LNs that located close to the gastrointestinal (GI) tract (colon, mesenteric, and iliac LNs) of SIV-infected macaques had profoundly lower numbers of CD4 + T cells, but no significant difference in expression of activation marker (CD8 +
CD69
+ and CD8 + HLA-DR + ) as compared with the peripheral lymphatic tissues (axillary and inguinal LNs). The CD4/CD8 ratios were negatively correlated with the activation of CD8 + T cells in the overall LNs, with further associations with CD8 + HLA-DR + in GI LNs while CD8 +
+ in peripheral LNs. These observations demonstrate that the increase of CD8 + T cell activation is a contributing factor for the decline of CD4/CD8 ratios in GI system. Keywords: simian immunodeficiency virus, immune activation, lymph nodes, cD4/cD8 ratio, cD8 activation inTrODUcTiOn Persistent immune activation is a hallmark of HIV infection in humans and simian immunodeficiency virus (SIV) infection in the non-natural host rhesus macaques (1) (2) (3) . Microbial translocation at the gastrointestinal (GI) tract represents a major stimulus for immune activation that persists even after control of HIV replication (4, 5) . The gut-associated lymphoid tissues (GALTs) are the primary sites of in vivo HIV infection and replication (6) , as these lymphoid compartments contain the majority of CD4 + T cells in the body, the primary targets for HIV. Accumulating evidence indicate the GALTs play a key role in the persistence of HIV infection despite long-term antiretroviral therapy (7) (8) (9) . The HIV-mediated immune activation has been extensively investigated in the peripheral system; however, the impact of immune activation on CD4 + T cell depletion in GI system remains elusive. In HIV disease, major injury to the gut immune system begins immediately after infection. There is an extensive depletion of CD4 + T memory cells in gut lymphoid tissues within 4-6 weeks of HIV infection (10) . This immune dysregulation at the GALT mucosa is implicated in HIV enteropathy, accounting for approximately 60-80% of diarrhea in HIV-infected patients sometime during their illness, representing the most common clinical manifestation of AIDS (11) .
Similar to HIV-infected subjects, SIV-infected macaques also commonly manifest diarrhea as AIDS complication (12) . There is also a dramatic and selective depletion of CD4 + T cells predominately from the mucosal surface in GI tract (13, 14) . A comparative analysis of cytotoxic T lymphocytes (CTLs) in the peripheral blood and lymph nodes (LNs) of SIV-infected rhesus monkeys by Kuroda et al. showed the phenotype similarity of SIV-specific CTL activity in these compartments (15) . Gene expression profiling of gut mucosa and mesenteric LNs in SIV-infected macaques suggests that reduced immune activation and effective repair and regeneration of mucosal tissues correlate with long-term survival (16) . However, due to the difference in distance to the gut mucosa, LNs at different tissue origins are not universal in the extent of immune response or CD4 loss during HIV/SIV infection. Unfortunately, thus far, there is no study to compare the immunological and virological responses between LNs of different location. In this study, we examined the different LNs from SIV-infected and -uninfected Chinese rhesus macaques, peripheral blood, jejunum, and colon intestines. We compared the profiles of CD4 + T cells, CD4/CD8 ratios, immune status of T cells, and inflammatory cytokines in these tissues. Our results show that a severe depletion of CD4 + T cells in GI LNs was accompanied by a profound CD8 + T cell immune activation and proinflammatory microenvironment, associated with higher viral load than that in peripheral LNs (pLNs).
MaTerials anD MeThODs ethics statement
All study protocols were approved by the Institutional Animal Care and Use Committee (IACUC) of the Wuhan University School of Medicine (Wuhan, China) in accordance with the regulations of the National Institute of Health "Guide for the Care and Use of Laboratory Animals" and all details of animal welfare and steps taken to ameliorate suffering were in accordance with the recommendations of the Weatherall report, "The use of nonhuman primates in research. " The animals were housed in an air-conditioned room with an ambient temperature of 16-26°C, a relative humidity of 40-70%, and a 12-h light-dark cycle at the Animal Bio-Safety Level-III (ABSL-III) laboratory of the Wuhan University School of Medicine, which were monitored in real time by a computer-based recording system. The ABSL-III Laboratory is certified by the Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC International). The animals were individually housed in stainless steel wirebottomed cages with sufficient space (800 mm wide, 800 mm depth, and 1600 mm height) and provided with a commercial monkey diet. In addition to normal pellet food, fresh fruit was provided twice daily, and water was freely available at all times. The study animals were provided with an intellectually and physically enriched environment including rings, perches, forage boxes, puzzle feeders, music, and video in the room. Animal health was monitored daily by the animal care staff and veterinary personnel. Physiological parameters of the animal, such as heart rate, body temperature, and blood pressure, were monitored at constant intervals, and pain was evaluated by veterinarian. All experimental procedures were performed under anesthesia with intramuscular injection of ketamine hydrochloride (10 mg/kg) plus intramuscular injection of atropine (0.04 mg/kg), and all efforts were made to minimize suffering.
animals and Tissue Processing
Twelve Chinese rhesus macaques (RM; Macaca mulatta) were purchased from Sichuan Ping'an Non-Human Primates Breeding and Research Center (Sichuan Province, China). These animals (females, 5-6 years of age, 4-6 kg of weight) were individually housed and handled at the ABSL-III laboratory of the Wuhan University (Wuhan, China). The study animals were provided with an intellectually and physically enriched environment including rings, perches, forage boxes, and puzzle feeders. The animals were inoculated intravenously (i.v.) or intravaginally (i.vag.) with pathogenic R5 SIV strains (mac239, mac251, or macR71/17E). SIV-uninfected animals in the control group (n = 11) were from parallel studies. Collections and processing of blood were performed, as described previously (3, (17) (18) (19) . Blood samples were used for routine flow cytometry analysis, and plasma was separated by centrifugation within 1 h of phlebotomy. All experimental procedures were performed under anesthesia with intramuscular injection of ketamine hydrochloride (10 mg/ kg) and atropine (0.04 mg/kg), and all efforts were made to minimize suffering of the study animals. The humane endpoint criteria included the presentation of any of the following: (1) loss of 25% body weight from baseline weight when assigned to the protocol, (2) major organ failure or medical conditions unresponsive to treatment, and (3) tumors. If any one of these conditions was present, a humane endpoint was called and the animal was euthanized within 24 h. At necropsy, LNs from different tissues and the intestine tissues ( Table 1) were collected from the animals after spontaneous death or euthanasia and subjected to lymphocyte isolation (20, 21) . All the specimens were also cryopreserved or fixed in 10% buffered formalin.
lymphocyte isolation from lns and intestines
Lymph node-derived lymphocytes were mechanically homogenized and passed through a 70-μm cell strainer to remove residual tissue fragments. These LNs were classified into pLNs or GI LNs based on their locations. The pLNs include LNs from the fossa axillaris and inguen where there were available in the SIV-infected animals. The GI LNs include those LNs from the colon, mesentery, and ileum that were closer to the GI tract. Some animals might have several LNs from the same tissue, while some might have no particular LNs ( Table 1) . To isolate lymphocytes from colon and jejunum intestines, these tissues were cut into small pieces and digested with 1 mg/ml collagenase for 1 h at 37°C with constant shaking, and then passed through a 70-μm cell strainer. Intestinal intraepithelial lymphocytes (IELs) were separated by 30-60% Percoll-plaque density gradient centrifugation, as described previously (22, 23) . All samples were processed, cryopreserved, fixed (1% paraformaldehyde), and analyzed within 24 h of collection.
Flow cytometric analysis
Six-parameter flow cytometric analysis was performed on whole blood, IELs, and T cells from LNs according to standard procedures (24) using a panel of monoclonal antibodies (mAbs) that were originally designed to detect human molecules but that we and others have shown to be cross-reactive with rhesus monkey (3, 19, 25, 26) . The antibodies used were as follows: anti-CD3-FITC (clone SP34), anti-CD4-APC-H7 (clone L200), anti-CD8-PE-Cy7 (clone RPA-T8), anti-CD69-PE (clone FN50), and anti-HLA-DR-PerCP-Cy5.5 (clone G46-6) (all from BD Pharmingen). Isotype antibody was used for negative control of CD69 and HLA-DR expression. Flow cytometric acquisition and analysis of samples were performed on at least 100,000 events on a BD Verse cytometer driven by the FACS Verse software (BD Biosciences). Analysis of the acquired data was performed using FlowJo software (TreeStar, Ashland, OR, USA). The CD4 + and CD8 + T cell percentages were based on the CD3 + T cells, and the activation markers on CD4
+ and CD8 + T cells were based on CD4
+ and CD8 + CD3 + T cells, respectively.
Quantitative real-time reverse Transcription Pcr
Plasma RNA were extracted and reverse transcribed into cDNA, and real-time RT-PCR for SIV gag were performed, as described previously (3) . Briefly, SIV RNA copies per milliliter of plasma were determined by comparing sample cycle threshold (Ct) to that of a known standard of SIV gag RNA. Duplicate samples were analyzed, and the limit of detection was 200 SIV RNA copies per milliliter plasma. Real-time PCR to quantify tissue-associated viral loads was also performed on LNs or intestine tissues from animals as shown in Table 1 . RNA was extracted from cryopreserved tissues, and 2 μg of RNA was reverse transcribed into cDNA for real-time RT-PCR measurement of SIV gag and host cytokines/chemokines [interleukin (IL)-10, C-C motif ligand 2 (CCL2), interferon (IFN)-γ, and tumor necrosis factor alpha (TNF-α)] using iQ SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA, USA). The levels of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA were used as an endogenous reference to normalize the quantities of mRNAs.
statistical analysis
Data are presented as mean ± SD per group as uninfected or SIV-infected monkeys or as pLNs or GI LNs. These data were statistically analyzed using GraphPad Prism software (La Jolla, CA, USA). Data between two groups were compared by a nonparametric Mann-Whitney T test, and p < 0.05 was considered as significant.
resUlTs Viral load and cD4/cD8 ratios in siV-infected animals
We initially infected eight animals with SIVmac239 and collected LNs from different lymphoid tissues at necropsy with six out of eight animals associated with diarrhea AIDS complication at the end-stage of infection. However, due to the limited numbers of LNs available from these animals, we included the specimens from one animal infected with SIVmac251 and three animal infected with SIVmacR71/17E. The viral loads in the plasma were monitored periodically. All the animals became infected as evidenced by increased levels of plasma SIV gag RNA ( Figure 1A) . The CD4/ CD8 ratio decreased significantly in these animals 2 weeks after SIV infection ( Figure 1C) . The viral loads and CD4/CD8 ratios tend to change in opposite directions during the course of infection (Figures 1B,D) .
Decline of cD4 + T cells in Different Tissues of siV-infected animals
We next examined the extent of CD4 + T cell decline in lymphoid tissues of SIV-infected macaques. Figure 2A shows the CD4 + T cell percentages in the peripheral blood, inguinal LNs, and colon from one uninfected animal (T096057) and four SIV-infected animals (WSP09, WSN01, WSP11, and WSL03). CD4
+ T cells were dominant (54-66%) in all these lymphoid tissues from the uninfected macaque. In contrast, SIV-infected animals had much lower percentages of CD4 + T cells in these compartments. We next analyzed whether there was significant difference between the two groups in the CD4 + T cell abundance in these tissues. As shown in Figure 2B , the CD4 + T cell percentages differed all significantly in these compartments between the SIV-infected and -uninfected animals ( Figure 2B ; p < 0.05). Furthermore, in SIV-infected animals, the depletion of CD4 + T cells was more profound in the GI LNs as compared with those in blood (p = 0.047) and pLNs (p = 0.0029). In contrast, in the uninfected animals, the CD4 + T cell percentages in GI LNs were comparable to those in pLNs. Consistent with the difference in CD4 + T cell percentages between the two groups, SIV-infected animals had significant lower CD4/CD8 ratios than uninfected animals in all the corresponding compartments (p < 0.05; Figure 2C ). In addition, in uninfected animals, the mean CD4/CD8 ratio in GI LNs was 1.82 (1.34-2.49), which was comparable to that in the pLNs (mean 1.76; 1.54-1.94; p = 0.60) but was significantly higher than that in the blood (mean 1.24; 0.81-2.03; p = 0.0003). On the contrary, in the SIV-infected monkeys, the mean CD4/CD8 ratio in GI LNs was 0.36 (0.02-1.03), which was significantly lower than those in both blood (mean 0.62, 0.18-1.61, p = 0.0479) and pLNs (mean 0.64, 0.014-1.70, p = 0.0144).
cD4 + T cell Depletion in iels
Intraepithelial lymphocytes are lymphocytes in the epithelial layer of mammalian mucosal linings, such as the GI tract. IELs have been reported to be primary targets for HIV acquisition (27) . We thus isolated the IELs from different parts of the intestines from SIV-infected and -uninfected macaques. shows the CD4 + T cell percentages in IELs from 1 uninfected macaque (T096057; 1 out of 10 animals from which IELs were obtained) and four SIV-infected macaques (WSP09, WSN01, WSP11, and WSL03; 4 out of 6 animals from which IELs were obtained). It was found that in the uninfected macaque (T096057), the jejunum and colon IELs contained 57.1 and 60.7% of CD4 + T cells, respectively. In contrast, the CD4 + T cells in the IELs from the intestinal tissues of the four SIVinfected macaques were almost depleted (<1% in the jejunum IELs and <5% in the colon IELs). The percentages of CD4 + T cells ( Figure 3B ) and CD4/CD8 ratio ( Figure 3C ) in IELs from SIV-infected animals were significantly lower than those in IELs from uninfected animals.
T cell activation of siV-infected Monkeys
Hyperactivation of T cells, particularly CD8 + T cells, in the peripheral blood is a hallmark of chronic HIV/SIV infection. However, the activation status of T cells in the LNs of different origins remains unclear. We thus investigated the T cell activation in the different tissues in both SIV-infected and -uninfected animals. As shown in Figures 4A,B (Figures 4C,D) .
correlation of activated T cells with cD4/cD8 ratio in siV-infected Monkeys
To determine the contribution of T cells activation on CD4 depletion, we examined whether there is an association between the levels of T cell activation and CD4/CD8 ratios in the peripheral and GI LNs from SIV-infected monkeys. As shown in Figures 5B,D , the CD4/CD8 ratio of these LNs was negatively correlated with CD8 + T cell activation in terms of the percentages of CD8 
HLA-DR
+ T cells was positively correlated with the tissue CD4/CD8 ratio ( Figure 5C , p = 0.0042). There was no correlation between CD4/CD8 ratio and the level of CD4 + CD69 + ( Figure 5A ). Further analysis shows that in pLNs, CD4/CD8 ratio was inversely correlated with CD8 + CD69 + T cell percentage (p = 0.0033), whereas in GI LNs, it was inversely correlated with CD8 
siV loads and cytokine Profiles in lns
In HIV infection, LNs are important sites of viral replication, in which the high local density of CD4 + T cells and other target cells may favor cell contact-mediated viral spread (28) . We next examined the SIV loads and the cytokine expression in the different LNs of SIV-infected monkeys. As shown in Figure 6A , the defined GI LNs had significantly higher viral loads (p = 0.0181) than LNs from peripheral tissues (mainly inguinal and axillary LNs). The expression of TNF-α was also significantly higher in GI LNs than that in pLNs (p = 0.0078; Figure 6B ). However, there was no significant difference in the expression levels of CCL2, IL-1β, and IL-8 between the two types of LNs (data not shown). 
DiscUssiOn
In this study, we examined the T-cell homeostasis and cytokine profiles in the peripheral blood and LNs from SIV-infected Chinese rhesus macaques. Approximately 80% of the SIVinfected macaques developed AIDS-related diarrhea at the end-stage of infection. We found that SIV infection significantly reduced the proportion of CD4 + T cells and CD4/CD8 ratios in both the peripheral blood and LNs. In addition, LNs from the GI lymphatic tissues (colon LN, mesenteric LN, and iliac LN) had more severe loss of CD4 + T cells than those from the peripheral lymphatic tissues (e.g., axillary and inguinal LNs). The most severe impairment of T-cell homeostasis occurs at the intestinal mucosa, as evidenced by a severe depletion of CD4 + T cells in the IELs isolated from colon and jejunum.
The GALTs constitute the largest immune compartment of the body and have a large mucosal surface in close proximity to the external environment (29, 30) . It is estimated that T cells associated with the small intestinal epithelium alone may account for more than 60% of the total body lymphocytes (31) (32) (33) . Previous studies have reported the preferential impairment of the intestinal mucosal immune system by HIV/SIV infection (8, (34) (35) (36) (37) . Our results show that the GALTs, including GI LNs, have more severe declines in both CD4 + T cell percentages and the CD4/ CD8 ratios than in peripheral blood at the end-stage of infection. Indeed, a striking depletion of intestinal CD4 + T cells was noted in macaques within days of SIV infection, at a time when little or no CD4 + T cell depletion was evident in the peripheral blood, mesenteric, and axillary LNs (29) . The depletion of CD4 + T cells in the GI tract occurred coincidently with productive infection of large numbers of mononuclear cells at this site. Massive infection caused depletion of memory CD4
+ T cells has also been revealed during acute SIV infection (14) . Specifically, 30-60% of CD4 
CD8
+ double-positive T cells in intestinal lamina propria lymphocytes (LPLs) and IELs was found during primary SIV infection and persisted throughout the entire course (38) . There was no restoration of these cells in intestinal mucosa in the asymptomatic or terminal stage of SIV infection (38) . Even with antiretroviral therapy intervention, the mucosal CD4 + T cell restoration was slower and less significant than that of cells in the peripheral blood (39) .
Chronic immune activation is considered as the major driving force of CD4 + T-cell depletion and disease progression of HIV/SIV infection. Hyperactivation of T cells, particularly CD8
+ T cells, in the peripheral blood is a hallmark of chronic HIV/SIV infection (40) . GI complications in HIV/SIV infection are indicative of impaired intestinal mucosal immune system. However, the activation status of T cells in the LNs derived from the GI tissues with comparison to those from peripheral tissues remains unclear. Our data show that SIV-infected animals had significantly upregulated CD69 and HLA-DR expression of CD8 + T cells in peripheral blood and LNs from both the GI and peripheral tissues than uninfected animals (Figure 4 ). In addition, we also demonstrated that there was no significantly difference in the expression of activation markers between GI LN and pLN in SIV-infected monkeys, despite the more profound CD4 depletion and decline of CD4/CD8 ratio in the GI LN compared with the pLN (Figure 2) . Overall, the CD4/CD8 ratio was negatively correlated with CD8 + T cell activation in terms of the both CD69 + (p = 0.0103) and HLA-DR + T cells (p = 0.0415) of these LNs. However, as compared with the negative correlation with the increased CD69 expression in CD8 + T cells in the pLNs, the CD4/ CD8 ratio was inversely correlated with the increased HLA-DR expression of CD8 + T cells in the GI LNs. The infiltration of CD8 + T cells to the GI lymphatic compartments has been implicated in the CD4 + T cell loss during HIV/SIV infection. Increased FigUre 6 | siV load and TnF-α level in the peripheral lns and gi lns of siV-infected monkeys. The LNs were collected from monkeys at necropsy, and total RNA was extracted. The expression of SIV gag (a) and TNF-α (B) was measured by quantitative RT-PCR. These data were normalized to the expression of GAPDH. lymphocytic infiltration of intestinal tissues has been observed in patients infected with HIV and in SIV-infected macaques with resultant imbalance of CD4:CD8 T cell ratio (41) (42) (43) . This signifies the dysregulation of immune hemostasis at the intestinal tissues in AIDS-related GI disease, in particular diarrhea. In our study, we observed that there was no significant difference in the percentages of CD4 + CD69 + and CD4 + HLA-DR + in the three types of lymphoid tissues of the uninfected animals as compared with SIV-infected animals, except for a higher percentage of CD4 + HLA-DR + in the pLNs of SIV-infected animals at necropsy. On the contrary, in these chronic SIV-infected macaques before the development of AIDS-related diarrhea, both CD4 + T cells and CD8 + T cells expressed higher immune activation markers CD69 and HLA-DR in the peripheral blood ( Figure S1 in Supplementary Material). Thus, the severe depletion of CD4 + T cells at the end-stage of SIV infection might contribute to the diminished significance of CD4 + T cell activation (39) . In HIV infection, LNs are important sites of viral replication, as they contain the high density of CD4 + T cells and other target cells for the virus (28) . The significance of pLNs in the pathogenesis of HIV/SIV infection has been extensively studied (44) (45) (46) . However, dynamic changes of T lymphocytes in pLNs or blood were not adequately represented intestinal tissues (10) . Thus far, there is very limited information about the difference between the viral loads and cytokine profiles in LNs of different origin during HIV or SIV infection. Anatomically, LNs derived from different tissues drain lymph vessels regionally. For example, axillary LNs drain lymph vessels from breast and chest and are clinically significant in breast cancer diagnosis (47) . On the contrary, mesenteric LNs drain the GI mucosa tissue (48) and are thought as the crossroad of systemic and mucosal immunity within which lymphoid cells from both interact and T cell maturation continues (49, 50) . As such, LNs close to the GI tract drain intestinal tissues that are regularly exposed to a complex and diverse assortment of antigens from both microbial and dietary sources (51, 52) . We showed that the GI LNs had higher viral load and TNF-α expression than pLNs. A recent study by Orenstein (53) examined the HIV RNA and p24 expression in GALT and deep LNs acquired during surgery on HIV-infected patients. It was found that the level of viral expression in the deep LNs, e.g., mesenteric and retroperitoneal, was at least equivalent to that seen in superficial LNs (i.e., inguinal, axillary, and cervical), tonsils, and adenoids. It is known that the translocating microbes and microbial products are phagocytosed first within the lamina propria and the mesenteric LNs during viral infection prior to dissemination to peripheral blood and LNs (54) . Therefore, mesenteric LNs associated with CD8 + T cell activation play a major role in virus dissemination to the peripheral circulation after HIV infection. Indeed, mesenteric LNs have been reported as major cellular reservoirs that cause rebound of plasma viremia upon cessation of therapy (55) , which may be attributable to the lack of viral control because of apoptotic death of CD8 + T cells (56, 57) . Altered T-cell homeostasis, such as infiltration of CD8 + T cells to the lymphatic compartments in intestinal mucosa, has been indicated as a mechanism of HIV/SIV-associated enteropathy (41) (42) (43) . We showed that GI LNs had higher level of activated CD8 + T cell and TNF-α than pLNs. In addition, there was a negative correlation between the depletion of CD4 + T cells and viral loads in the GI LNs, but not in the pLNs (data not shown). This finding provide a mechanism for the viral-mediated destruction of T cell hemostasis, rather than immune activation-mediated cell turnover in GI LNs (58) . Therefore, the GI LNs, particularly the mesenteric LNs, are of great significance in evaluating the mucosal and systemic immune activation in addition to the IELs and peripheral blood.
In summary, we showed the significant depletion of CD4
